Abstract. The e ect of two di erent crystal species of alumina on the hydrodesulfurization activity of the corresponding CoMo catalysts was studied. Cylindrical extruded alumina with two di erent crystal structures, i.e., -Al2O3 and -Al2O3, was prepared using boehmite and nitric acid as a peptizing agent by calcination at 550 C and 900 C, respectively. Al2O3 supports were impregnated with 9 wt.% of Mo and 2 wt.% Co by an incipient wetness impregnation method. CoMo/Al 2 O 3 catalysts were used for hydrodesulfurization (HDS) and hydrodenitri cation (HDN) of Iranian Straight-Run Gas Oil (ISRGO). The supports and catalysts were characterized by nitrogen adsorptiondesorption isotherm, XRD, UV-vis-DRS, TPD, TPR, CO chemisorption, and ICP-OES. The HDS activity of CoMo/ -Al2O3 catalyst was higher than that of CoMo/ -Al2O3 and was found to be 95.74%. This result was obtained from the formation of larger CoMoO 4 and MoO 3 crystals in CoMo/ -Al 2 O 3 catalyst, thus reducing the active metal phase dispersion and the performance of the catalyst. The HDS activity of CoMo/ -Al2O3 catalyst was remarkable as the metal content of the catalyst was low. The HDN activity of CoMo/ -Al2O3 was also about 66%.
Introduction
Hydrodesulfurization is a signi cant process in the re ning industry. The quality of available crude oil has been decreasing year by year with a severe increase in sulfur and nitrogen contents [1] [2] [3] . Critical atmospheric pollution results from the presence of sulfur-containing compounds in transportation fuels. SO x originates from the combustion of sulfur compounds, leading to the formation of acid rain [4] . Moreover, the exhaust emission treatment catalyst will be poisonous, and the corrosion of the internal combustion engines will be promoted in the presence of SO x [5] [6] [7] . In addition, further conversion of heavy liquid hydrocarbons to more valuable products in terms of feasibility and economy depends on the quality and sulfur contents of the feedstock, indeed. On the other hand, environmental regulations necessitate limiting the amount of the sulfur component present in the fuel [8] [9] [10] [11] [12] [13] . As a result, a decrease in sulfur content of re nery feedstock and fuel products is of environmental and industrial importance in the petroleum re ning industry [14] [15] [16] [17] [18] .
The conventional HDS catalysts can reduce a signi cant fraction of the high sulfur of raw middle distillate to 350-500 ppm. Ultra-low sulfur content can be achieved by an improved HDS catalyst or a twostage process concept. The bulk of the sulfur content is removed in the rst stage, and the HDS activity is about 91%. It is important to note that the metal content of these catalysts is about 25 wt.%, which is a high metal load. The hydrotreated product is then fed to the second reactor in order to perform ultra-deep desulfurization [19] [20] .
Alumina is the most common support used for hydrotreating catalyst because of its acceptable mechanical and intrinsic acid-base properties, low-cost prices, and tunable surface physicochemical properties [21] [22] [23] [24] [25] [26] . The in uence of the nature of the alumina support on the catalyst activity in HDS of straight-run gas oil was scarcely reported. Li et al. studied the activity of catalysts, prepared by incipient wetness impregnation of Co and Mo supported on two kinds of alumina in the HDS reaction of thiophene [27] . They found that lower interaction between the support and the active phase led to an increase in the activity. The comparison between three di erent alumina supports and various deposition methods with di erent Co precursors was reported by Laurenti et al. [28] . Di erent prepared catalytic systems were tested in HDS reactions of thiophene and 4,6-dimethylbenzothiophene. The results re ect that -alumina supported CoMoS catalyst was the most active CoMoS catalyst for the HDS of thiophene and 4,6-dimethylbenzothiophene. This was mainly attributed to better dispersion of the active phase on that support and lower interaction between the active component and the support surface.
In the present paper, the cylindrical extruded alumina support was calcined at two temperatures, i.e., 550 C and 900 C, in order to survey the e ect of the nature of alumina support on metal-support interaction and acidity of the catalyst. The activity and performance of the catalysts were evaluated in the hydrodesulfurization of ISRGO. Nitrogen adsorptiondesorption isotherm, XRD, UV-vis-DRS, TPD, and TPR were employed for the characterization of these catalysts. 
Catalyst preparation
The extruded alumina support was prepared by the peptization of boehmite with nitric acid solution (3 wt%). The paste was kneaded and extruded. The resultant extruded alumina was dried at 110 C for 12 h. Then, calcination of the extruded alumina at 550 C for 4 h and at 900 C for 2 h in air resulted in -alumina and -alumina, respectively. The nal support had a cylindrical form with an average diameter of 2.5 mm and a length of 4-6 mm. The bimetallic compound for catalyst preparation was synthesized via dissolution of citric acid of 0.234 mol and ammonium heptamolybdate of 0.328 mol in water. The solid cobalt acetate was added to this solution in proportion equivalent to the ratio of Mo/Co=2 atomic [29] . CoMo/ -Al 2 O 3 or CoMo/ -Al 2 O 3 catalysts with the same loading of 2 wt.% CoO and 9 wt.% MoO 3 were prepared by the incipient wetness impregnation of extruded alumina with a rose-colored clear aqueous solution of bimetallic complex. The wet impregnated extruded catalyst was dried at room temperature and, then, at 110 C for 12 h. Mo and Co contents of catalysts were kept constant at 9 wt.% of MoO 3 and 2 wt.% of CoO.
Catalytic activity test for ISRGO hydrodesulforization
The HDS activity tests were carried out in a continuous trickle-bed reactor. Straight-run gas oil with the total sulfur content of 0.94 wt% was used as the feedstock. The feedstock properties are shown in Table 1 . In a typical run, 7 ml of the catalyst was loaded into the reactor. Silicon carbide was also loaded into both ends of the reactor as inert support of the catalyst bed. The schematic of the activation process is presented in Figure 1 . Each hydrodesulfurization experiment was performed for 3 days at 7 MPa, T = 370 C, LHSV = 2 h 1 , and H 2 /feed volume ratio of 174.
The total sulfur content of hydrodesulfurized product oil samples was analyzed by X-Ray Fluorescence spectrometry (XRF).
The % HDS activity of the catalysts was obtained by the following formula:
HDS activity (%) = sion spectroscopy (ICP-OES) Varian 730-ES (America).
Textural properties
The speci c surface area, pore volume, and pore size distribution of extruded alumina before and after impregnation were obtained from nitrogen adsorptiondesorption isotherms, determined at 196 C with Belsorp min II apparatus. The alumina and impregnated alumina were degassed at 300 C and 150 C for 5 h, respectively. The speci c surface area of the samples was calculated according to Brunauer-Emmett-Teller (BET) method, and the pore size distribution and total pore volume were determined from the adsorption branches of the corresponding nitrogen isotherm by the Barrett-Joyner-Halenda (BJH) method.
Crushing strength
The crushing strength of the extruded alumina was determined by measuring the breaking force for a sample compressed between two parallel plates using a 2.4.5. X-ray di raction X-Ray powder Di raction (XRD) patterns were taken at room temperature on a SIEMENS D-5000 in the range angle from 5 to 70 degree using Cu K radiation.
2.4.6. Temperature-programmed desorption of ammonia (NH 3 -TPD) The acidity of the oxide catalysts was analyzed by Temperature-Programmed Desorption (TPD) of ammonia with a Micrometrics 2900 apparatus provided with a Thermal Conductivity Detector (TCD) and interfaced to a data station. A sample of 20 mg was outgassed in a He ow at 573 K for 1.5 h. In the next step, the catalyst was saturated with ammonia at 353 K for 30 min. After equilibrium, ammonia desorption was done by heating the catalysts at a linear temperature ramp of 10 C /min from 25 C up to 750 C.
Temperature-programmed reduction (H 2 -TPR)
The reduction behavior of the oxide catalysts was studied by TPR on a Micrometrics 2900 apparatus provided with a TCD and interfaced to a data station. In this respect, 50 mg of the calcined catalyst was heated at a linear temperature ramp of 10 C /min from 25 C to 300 C and kept for 90 min under a He ow to remove water and other contaminations. The catalysts were cooled to ambient temperature in the same He ow. The reduction was carried out in a 5% H 2 in argon and heated at a rate of 10 C/min to the nal temperature of 750 C.
CO chemisorptions
Pulse CO chemisorption was measured with NanoSORD NS91 (Sensiran, Iran). A sample was pretreated under H 2 ow at 350 C in the presence of H 2 for 6 h. The sample was cooled down to 35 C; then, CO chemisorption analysis was performed by introducing a successive pulse of 10% CO in He.
Results and discussion
Cobalt and molybdenum contents of the calcined catalysts, determined by the inductively coupled plasma optical emission spectroscopy, are given in Table 2 .
The textural properties, such as speci c surface area, pore size distribution, pore volume of the supports, and corresponding CoMo catalysts, were evaluated by nitrogen adsorption-desorption isotherms, and these physical characteristics are presented in Table 3 . The N 2 adsorption-desorption isotherm of the -alumina support and its catalyst are attributed to IV type ( Figure 2 ). The nitrogen isotherm of the samples reveals a hysteresis loop of H1-type, con rming the presence of cylindrical pores in the support and catalysts [30] . The form of pores for the support and catalyst is similar, because the hysteresis loop does not change after impregnation. The e ect of metal impregnation on the textural properties of -Al 2 O 3 can be obtained by comparing their N 2 adsorption-desorption isotherms with that of pure support. In Figure 2 , a decrease in the amount of adsorbed nitrogen is observed after the impregnation of Co and Mo on the support, resulting from the metal oxides species formed within the inner porous structure and on the support surface. The preservation of hysteresis loop shape for CoMo/ -Al 2 O 3 catalyst con rms that there is no plugging of mesopores and, also, no changes in the support structure after impregnation. (Table 3 ). This phenomenon may result from the formation of metal oxides particles in the pores that led to an increase in surface area and pore volume. The addition of Co and Mo to -Al 2 O 3 leads to a decrease in surface area and pore volume. The pore size calculated by BJH method re ects an increase in the pore diameter. Impregnation may initially block small pores and produce an increase in an apparent average size of unblocked pores. This phenomenon shows a decrease in average pore size with impregnation, as presented in Table 3 . On the other hand, CoMo/ -Al 2 O 3 demonstrates signi cant textural changes during the catalyst preparation. A 3.6-fold increase in speci c surface area is observed, which can be explained by the contribution of the active phase to the total speci c surface area.
The pore volume in di erent pores is presented in Table 4 . The pore volumes of -Al 2 O 3 and -Al 2 O 3 derived from pores larger than 10 nm were about 36% and 64 %, respectively. These results showed that calcination at high temperatures increased the pore size of alumina. The volume of pores between 10-20 nm in -Al 2 O 3 is seven times greater than that of -Al 2 O 3 .
The pore volume of all pore ranges increases after impregnation of -Al 2 O 3 , which indicates the formation of a new porosity phase. Figure 4 shows the pore size distribution of alumina supports and catalysts. It is observed that the pore size distribution of -Al 2 O 3 is tri-modal at 5, 8, and 12 nm; however, -Al 2 O 3 shows bi-modal behavior at 5 and 8 nm. Calcination at 900 C increased the pore diameter of the support. The impregnation of -Al 2 O 3 reduced the intensity of the pore size distribution curves due to a decrease in the number of pores less than 5 nm in diameters (Figure 4(a) ). The intensity of pore size distribution of CoMo/ -Al 2 O 3 is higher than that of -Al 2 O 3 , indicating an increase in the surface area and pore volume after impregnation, as summarized in Table 3 . The main reason for this phenomenon is not obvious; however, it is assumed that the metal component increases surface roughness and forms particles of metal oxides in larger pores without plugging and introducing new pores. Lower activity of CoMo/ -Al 2 O 3 catalyst may be due to the enhanced formation of large CoMoO 4 crystals, as noticed from XRD, causing loss of Mo dispersion and, on the other hand, requiring higher temperature for sul ding.
The side and lateral crushing strengths of the extruded -Al 2 O 3 were 9.3 N/mm and 435 N/cm 2 , respectively, which is much higher than 329 N/cm 2 of the sample reported by Parkhomchuk et al. [31] , 360 N/cm 2 reported by Laurer [32] , and 97 N/cm 2 reported by Wassermann and Meyer [33] . This di erence is possibly due to various preparation details and characteristics of starting materials.
The di use UV-visible re ectance spectra of catalysts are depicted in Figure 5 . The intense adsorption band at about 200-400 nm could be commonly assigned to the Charge Transfer (CT) transitions, i.e., oxygen [38] . Figure 6 shows the wide-angle X-ray di raction of -Al 2 O 3 and CoMo/ -Al 2 O 3 . The XRD pattern of the support is similar to phase. No obvious peaks in the crystalline form of CoMoO 4 were observed in the XRD pattern of CoMo/ -Al 2 O 3 , indicating that Co and Mo species were highly dispersed over -Al 2 O 3 [5] .
The di raction peaks of -Al 2 O 3 ( Figure 7 ) are more intense and narrower than those of -Al 2 O 3 , demonstrating better crystallinity. The observed patterns could be attributed to the presence of -phase due to the separation of re exes 220 and 400 [31] . The TPD of ammonia pro les provides necessary information about the acidity of the catalysts. The low desorption temperature peak is attributed to the desorption of ammonia over weak acidic sites, and the high desorption temperature peak corresponds to the desorption of ammonia from strong acid sites [41] . NH 3 -TPD pro les of catalysts are presented in Figure 8 . The total acidity and the acid sites distribution of calcined samples, expressed as mmol of desorption NH 3 per g of catalyst, are reported in Table 5 .
In Table 5 , the weak, strong, and total acid sites follow the trend: CoMo/ -Al 2 O 3 >CoMo/ -Al 2 O 3 . The strong acid sites have been signi cantly dropped by increasing the calcination temperature of the support, which is in good agreement with literature results [42] [43] [44] . This correlates with the ratios of the support surface area and their dehydroxylation during the calcination.
The metal-support interaction and redox behavior of the oxide catalysts can be obtained by TPR techniques. The TPR pro les of the calcined catalysts are displayed in Figure 9 . The CoMo/ -Al 2 O 3 catalyst showed the reduction peak at around 539 C, which was due to a reduction in CoMoO 4 [37, 40, [45] [46] . This Figure 9 . TPR pro les of the oxide catalysts.
peak shifted to higher temperatures around 570 C for CoMo/ -Al 2 O 3 , indicating that the metal-support interaction increased and the dispersity of Mo and Co oxide species reduced [5, 47] . The higher dispersion of metal component promoted the reduction of Mo species, thus decreasing the reduction temperature in CoMo/ -Al 2 O 3 . The H 2 uptake values were calculated (Table 6 ) in order to evaluate the corresponding hydrogen consumption. The CoMo/ -Al 2 O 3 catalyst consumed 1.5-fold H 2 regarding CoMo/ -Al 2 O 3 , which indicated the larger amount of CoMoO 4 phase formation on the surface of -Al 2 O 3 . The wide peak from 500 to 700 C can be attributed to the rst step of MoO 3 reduction to MoO 2 (Mo 6+ to Mo 4+ ), whereas the hydrogen consumption at temperatures above 700 C can be ascribed to the reduction of MoO 2 to MoO [48] [49] . The peak at about 460 C for CoMo/ -Al 2 O 3 has been attributed to the bulk cobalt oxide reduction, while the absence of that in CoMo/ -Al 2 O 3 demonstrated better dispersion of Co and Mo species [5] . The CO chemisorption values of the oxide catalysts are included in Table 7 . It can be seen that the metal dispersion and quantity of CO adsorbed of CoMo/ -Al 2 O 3 are higher than those of CoMo/ -Al 2 O 3 .
The test results of the prepared catalysts in HDS and HDN of ISRGO are presented in Table 8 . The HDS and HDN activity of CoMo/ -Al 2 O 3 is much higher than that of CoMo/ -Al 2 O 3 . The higher activity of CoMo/ -Al 2 O 3 can be attributed to the lack of the formation of large crystalline CoMoO 4 phase in CoMo/ -Al 2 O 3 catalyst according to the XRD patterns of catalysts and better dispersion of Co and Mo. This is con rmed by CO chemisorptions analysis results. It has been reported that catalysts containing CoMoO 4 are more di cult to sul de and exhibit lower HDS activity [39] . On the other hand, Co and Mo species were mainly dispersed on the surface of the smaller mesopores, while the smaller mesopores were reduced in the prepared -Al 2 O 3 based on N 2 adsorption-desorption isotherms. In theAl 2 O 3 support, the increase of large mesopores and macropores enhanced the di usion rate of feedstock molecules into these pores so that the HDS activity of the catalyst fell down signi cantly in comparison with -Al 2 O 3 . It is possible that although the activity of -Al 2 O 3 supported sul de catalyst is higher than that of the -Al 2 O 3 supported catalyst in the HDS of model sulfur containing compounds, they are not good candidates for HDS of the real gas oil fraction.
Conclusion
The cylindrical -Al 2 O 3 and -Al 2 O 3 supports with surface areas of 240 and 153 m 2 /g, pore volumes of 0.5 and 0.46 cm 3 /g, and average pore diameters of 8.94 and 12 nm were prepared by extrusion of peptized boehmite paste calcined at 550 and 900 C, respectively. The preparation of CoMo/alumina catalysts was carried out by the incipient wetness impregnation method with a clear purple aqueous solution of bimetallic complex compound prepared by ammonium heptamolybdate, cobalt acetate, and citric acid as a chelating agent. The catalyst contains 2 wt% Co and 9 wt% Mo. The prepared CoMo/alumina catalyst was used for the hydrodesulfurization and hydrodenitri cation (HDN) of ISRGO. It was found that CoMo/ -Al 2 O 3 and CoMo/ -Al 2 O 3 catalysts could reduce sulfur content of ISRGO from 9400 ppm (0.94 wt%) to 400 ppm (0.04 wt%) and 3098 ppm (0.3098 wt%) in the product, respectively. Lower activity of CoMo/ -Al 2 O 3 catalyst may result from the enhanced formation of large CoMoO 4 crystals, as noticed from XRD, causing loss of Mo dispersion and, on the other hand, requiring higher temperatures for sul ding con rmed by CO chemisorptions' results. The produced catalyst with a low metal content of about 11 wt.% may be a good candidate for the bulk sulfur reduction in the rst stage of the HDS process with HDS activity of about 96% for ISRGO, and the remaining sulfur content can be removed in the second stage. and Li, X. \Inhibiting e ects of nitrogen compounds on deep hydrodesulfurization of straight-run gas oil over a NiW/Al 2 O 3 catalyst", Fuel, 188, pp. 401-407 (2017).
